Open and solid symbol indicates the result of the first and second experiment, respectively. The impact of fouling on N-nitrosamine rejection by nanofiltration (NF) and reverse osmosis 2 (RO) membranes was investigated in this study. Membrane fouling was simulated using 3 tertiary treated effluent and several model fouling solutions (that contained sodium alginate, 4 bovine serum albumin, humic acid or colloidal silica) to elucidate the changes in rejection 5 behaviour of N-nitrosamines. In general, the rejection of N-nitrosamines increased when the 6 membranes were fouled by tertiary effluent. The rejection of small molecular weight N-7 nitrosamines was most affected by membrane fouling. In particular, the rejection of N-8 nitrosodimethylamine (NDMA) by the ESPA2 membrane increased from 34 to 73% after 9 membrane fouling caused by tertiary effluent. The results also indicate that the impact was 10 less apparent for the lowest permeability membrane (i.e., ESPAB), and the rejection of N-11 nitrosamines by the ESPAB membrane was over 82% regardless of membrane fouling. The 12 effect of membrane fouling caused by model foulants on N-nitrosamine rejection was 13 considerably less than that caused by tertiary effluent. Size exclusion chromatography 14 analyses revealed that the tertiary effluent contains a high fraction of low molecular weight (< 15 500 g/mol) organic substances. It appears that these low molecular weight foulants present in 16 the tertiary effluent can restrict the solute pathway within the active skin layer of membranes, 17 resulting in the observed increase of solute rejection. 18
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Introduction

22
Augmentation of potable water sources with reclaimed municipal effluent is an important 23 strategy to secure a reliable water supply in regions and countries with severe water scarcity. 24
However, a major concern over this alternative source of water supply is the occurrence of 25 trace organic chemicals which may induce adverse and chronic health effects. Notable 26 amongst these trace organic chemicals is N-nitrosodimethylamine (NDMA) which is an N-27 nitrosamine that can be formed during the chloramination of the treated effluent rejections of NDMA vary greatly in full-scale plants from almost negligible to 86% and the 41 underlying reason for such significant variation in NDMA rejection remains unclear [8] [9] [10] [11] . 42
To date, only a few laboratory-scale studies have investigated N-nitrosamine rejection 43 capability of NF/RO membranes using clean matrix solutions [3, [12] [13] . These studies 44
reported that the rejection of NDMA by RO membranes was in the range from 50 to 70%. 45
The rejection of N-nitrosamines increased in the order of increasing molecular weight and the 46 steric hindrance mechanism was identified as a predominant rejection mechanism of N-47 Step 1: The membrane sample was first compacted using Milli-Q water at 1,800 kPa until the 133 permeate flux was stabilised. Step 2: Following the compaction step, the Milli-Q water in the filtration system was 135 Tokyo, Japan). Prior to the analysis, calibration of humic substance molecular weights was 163 conducted using IHSS Humic acid and IHSS Fulvic acid. Calibrations of detectors for total 164 organic carbon and total organic nitrogen were also conducted using potassium hydrogen 165 phthalate and potassium nitrate, respectively. For the analysis, a mobile phase (phosphate 166 buffer, pH 6.37, 2.5 g/L KH 2 PO 4 and 1.5g/L Na 2 HPO 4 ·H 2 O) was set at a flow rate of 1.1 167 mL/min. In the LC-OCD system, an injected sample of 1 mL was pre-filtered with an in-line 168 
Characteristics of the tertiary effluent and model foulants
219
Ionic composition and organic content of the tertiary effluent used in this study (Table 3) was 220 similar to that of most water reclamation plants. Nevertheless, the conductivity of this tertiary 221 treated effluent (Table 2) were expected to assist in identifying the impact of fouling on membrane separation 242 performance. The major fraction of SA and BSA solutions was biopolymers (>20000 g/mol), 243 which is consistent with a previous study [31] showing a molecular weight of 12000-80000 244 g/mol (SA) and 67000 g/mol (BSA). The molecular weight of HA analysed here was in the 245 range of approximately 1000 g/mol and this is in good agreement of the average molecular 246 weight of HA (1000 g/mol) reported in the literature [22] . All three organic model foulant 247 also contained some fraction of building blocks (300-500 g/mol) and LMW neutrals (<350 248 g/mol) ( Table 3) . 249
[Figure 3] 250
[ Table 3 ] 251
Membrane fouling behaviour
252
Significant membrane fouling was observed with all three membranes investigated in this 253 study when tertiary effluent was used at the elevated initial permeate flux of 60 L/m 2 h (which 254 is approximately three times the value used in most full scale RO systems for water recycling 255 applications). The profile of membrane permeability measured before and after fouling is 256 presented in Table S2 (Figure 5c ). This 278 trend of the permeate flux decline is again in good agreement with a previous study [31] . 279
Permeate flux with Ludox CL dropped significantly within 5 h of system operation, then 280 gradually decreased as filtration progressed (Figure 5d ). This observation is consistent with a 281 previous laboratory-study from which it was suggested that the hydrophobic interactions and 282 electrostatic attraction forces between charged colloid particles and membrane surface were 283 key causes for colloidal membrane fouling in the early filtration stage [19] . 284
[ Figure 5 ] 285 The impact of fouling on the membrane surface charge was also examined by analysing zeta 300 potentials of clean and fouled ESPA2 membranes. Consistent with a previous study [35] , the 301 zeta potential of the fouled membranes became less negative at high pH (i.e., pH8) and less 302 positive at low pH (Figure 7 ). Amongst the model foulants, the zeta potential of BSA was 303 similar to tertiary effluent at all pH values tested. Although organic matter eluting in tertiary 304 effluent has a high concentration of material with similar molecular size to humic substances 305 (Table 3) , the measured zeta potential of fouled membranes by the tertiary effluent and HA 306 were distinctly different (Figure 7) . These results suggest that the material of the tertiary 307 effluent eluting in the humic substance fraction is similar to humic acid and fulvic acid 308 standards in terms of molecular size but has different charge characteristics. It is noted that 309 the zeta potential analysis of the SA fouled membrane was not conducted because of the re-310 formation of alginate gel which clogged of the flow through cell of the Electrokinetic 311
Characteristics of fouled membranes
Analyser. 312 
Effects of membrane fouling on inorganic salt retention
315
Membrane fouling by tertiary effluent led to an increase in conductivity (salt) rejection for all 316 membranes with an exception of Ludox CL used in this investigation (Figure 8 ). In particular, 317 conductivity rejection by the NF90 membrane increased significantly from 87 to 95%. 318
Similarly, when the ESPA2 membrane was fouled by organic model foulants (SA, HA and 319 BSA), conductivity rejection also increased. Because the fouling layer and skin layer surfaces 320 of the RO membranes were negatively charged at pH 8 (Figure 7) , the conductivity rejection 321 increase may be attributed to an additional repelling force occurring between the fouling 322 layer and salts. Tang [38] reported a considerable increase in boron rejection when organic fouling occurred, and 330 they suggested that the increase in boron rejection was due to the plugging of local defects or 331 hot spots on the membrane active skin layer. In the present work, low molecular weight 332 organic foulants present in the tertiary effluent may have narrowed down the pores within the 333 active skin layer and/or blocked the local defects on the active skin layer surface. This 334 additional restriction of the solute pathway may explain why the increase in conductivity 335 rejection observed using tertiary effluent was higher than that using BSA despite their similar 336 zeta potential of fouled membrane surface. On the other hand, the results reported here also 337 revealed a reduction in conductivity rejection with Ludox CL fouling. Colloidal cake fouling 338 layer depositing on membrane surface hinders back diffusion of rejected salt from the 339 membrane surface to bulk solution, and the higher concentration gradient across the 340 membrane is likely to result in a decrease in salt rejection (cake enhanced concentration 341 polarisation) [31, 39] . Because the fouled membrane by colloids remarkably decreased salt 342 rejection from 96.3% to 94.9%, the cake enhanced concentration polarisation may have 343 played an important role in salt rejection using the fouled membrane. 344
Effects of membrane fouling on N-nitrosamine rejection
346
The rejection of small organic compounds by NF/RO membranes can be governed by steric 347 hindrance, electrostatic interactions and adsorption onto the membrane surface [40] . All N-348 nitrosamines used are hydrophilic and uncharged at neutral pH, thus the electrostatic 349 interactions and adsorption effects do not play a major role on their rejection performances. 350
Previous studies also reported that N-nitrosamine rejection by NF/RO membranes in clean 351 water matrices reached a steady state condition within a 45 min filtration period [3, 12] . size and pore size of the active skin layer plays an important role in their rejection [13] . 383
Because the molecular size of N-nitrosamines does not change under the experimental 384 conditions, the increased rejection of some N-nitrosamines using the tertiary effluent is likely 385 to be attributed to changes in membrane characteristics. It can be suggested that the pathway 386 of solutes (such as membrane pore and local defects of the active skin layer) on RO 387 membranes can be restricted with foulants present in the tertiary effluent (Section 3.4) or due 388 to cake layer compression caused by the applied pressure increase, and these changes in the 389 solute pathway leads to an increase of N-nitrosamine rejection. 390 
Conclusions
393
Membrane fouling by tertiary effluent and organic model foulants (i.e., sodium alginate, 394 bovine serum albumin and humic acid) led to an increase in conductivity rejection due to 395 enhanced electrostatic interactions between the fouling layer and inorganic salts. On the other 396 hand, colloidal fouling using Ludox CL caused a reduction in conductivity retention. 397
Membrane fouling by tertiary effluent also increased the rejection of N-nitrosamines. The 398 rejection of low molecular weight N-nitrosamines such as NDMA was most affected by 399 membrane fouling and the impact was most pronounced for membranes that have high 400 membrane permeability. Although the ESPA2 and ESPAB membranes were comparable in 401 terms of membrane permeability and fouling susceptibility the rejection of N-nitrosamines by 402 the ESPAB membrane was very high (over 82%) regardless the impact of membrane fouling. 
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